We used mutant strains of Neurospora crassa to define the discretionary capacity of this species for excess putrescine.
The spe-3 mutant, which accumulates putrestine internally, and thepuu-1 mutant, which accumulates toxic levels of putrescine from the medium, both sequestered large excesses of putrescine in vacuoles.
Concomitantly
in puu-I, inorganic polyphosphate increased modestly and some of the monovalent cation of the vacuole was discharged.
These two factors contribute to the increased capacity for polyamines in this fungus. Putrescine, however, can exceed the capacity of vacuoles such that they no longer protect the cytosol from toxic levels of the amine. Thepuu-l mutant illustrates the importance of the sequestration of intracellular polyamines, as well as the control of polyamine uptake through the cell membrane. A mutation, puu-1, imparts to cells growing in normal medium the ability to concentrate polyamines, particularly putrescine, in the cell (1) . The puu-1 mutation renders the polyamine uptake system much less sensitive to external Ca" in the medium (1) . The polyamine uptake system of the wild type, by contrast., is wholly inhibited in the growth medium, and polyamines enter the cell only by a nonsaturable, diffusional mechanism (l-3). Here, we use the puu-1 strain and a strain, spe-3 (4), which accumulates biosynthetic putrescine, to show that. Neurospora has a sizable capacity for excess polyamines. When the medium contains a high concentration of putrescine (ca. 5 mM), the growth rate of puu-I strains diminishes markedly. We wished to identify the location of excess putrescine and some of the effects of toxic levels of this compound. 1 
RESULTS

Growth and Solute Pools of the pm-1 Mutant
The puu-1 mutant grew almost as fast as the wild type in exponential culture (to ca. 2.7 h). After germination, however, there was often a pause in weight increase, not seen in the wild type, before vigorous exponential growth of puu-1 began, and old, frozen conidial inocula often yielded cultures with a longer lag and slower growth. Addition of putrescine (1 or 5 mM) inhibited growth of the puu-1 mutant, whereas the wild type grew normally (Table  I) . The puu-1 mutant varied in its susceptibility to putrescine inhibition. This suggests that the mutant lives at the lower limit of good health.
Wild type cells grown in minimal medium normally have about 0.8 nmol putrescine and 18 nmol spermidine per milligram dry weight. [N. crassa makes little spermine (14) .] Putrescine added to the medium simply equilibrates with cell water [2.5 ml per gram, dry weight (15)] in young cultures. Thus at 5 mM external putrescine, the initial internal concentration in the wild type is 10 nmol per milligram dry weight, or about 4 mM (Table I) . Wild type concentrates putrescine somewhat at later times in this medium, a point pursued in the Discussion. The puu-1 mutant, grown in unsupplemented medium, contained normal polyamine pools. Addition of 1 and 5 mM putrestine, however, caused puu-1 to accumulate enormous internal pools of this amine (nominally over 80 mM in cell water, or 200 nmol/mg, dry weight) ( Table I ). The relative insensitivity of the spermidine pool of puu-1 to putrescine indicates that putrescine saturates the enzymes of spermidine synthesis and may actually compete with spermidine for occupancy of the cell (compare 1 and 5 mM putrescine, Table I ). The puu-1 cells did not excrete detectable amounts of spermidine into the medium under these conditions (data not shown).
The normal spermidine pool of the wild type (ca. 18 nmol per milligram, dry weight) is largely bound to cellular constituents, about one-third of it to vacuolar polyphosphate (3, 16) . In medium supplemented with 5 mM spermidine, the spermidine pool of the wild type was 30 nmol per milligram, and that of the puu-1 mutant was 70 nmol (data not shown). With 18 nmol bound, the remaining 12 nmol in the wild type simply represents equilibration of free spermidine (5 mM = 12.5 nmol per milligram, dry weight) across the cell membrane as we have shown previously (3). The much higher concentration of free spermidine (ca. 52 nmol per milligram, nominally about 21 mM) in the mutant under these conditions shows that the mutant can concentrate spermidine as well as putrescine. The Na+, Ca'+, and Mg2+ contents of puu-1 grown in minimal medium or medium supplemented with 1 mM putrescine were normal (data not shown).
K+ is the major cytosolic cation in Neurosporu (15); little is found in vacuoles (16). External putrescine did not alter the Kf pool of wild type cells. Mycelia of puu-1 had normal K+ pools in minimal medium, but putrescine added to 1 or 5 mM caused the K+ pool to diminish 30 and 38%, respectively (Table I) . Overall, the milliequivalents of putrescine + K' in puu-1 in minimal medium (483 + 2 = 485) increased about 23% in medium with 1 mM putrescine (334 + 264 = 598), and 51% in 5 mM putrescine. Thus K+ and putrescine compete somewhat for occupancy of the cytosol, and the growth rate of puu-1 suffers from putrescine accumulation. However, the tolerance of puu-1 for its huge putrescine pool suggests that it may not lie entirely in the cytosol.
In steady-state cultures of the wild type, over 98% of the basic amino acids (arginine, ornithine, lysine, and histidine) is concentrated in the vacuoles, together with about one-third of the spermidine (14, 16, 17) . These solutes constitute over 80% of the cationic equivalents of the vacuole (16). About half of the amino acids, and all of the spermidine, are bound to inorganic polyphosphate (16). The arginine and ornithine pools of the wild type were not affected by growth in the presence of 1 mM putrescine (Table I) . This was expected, because little putrescine entered the cells. The addition of 1 mM putrescine reduced the ornithine pool of the pm-1 strain to 38% of normal. The addition of 1 mM putrescine did not affect the pool of arginine, a stronger cation than ornithine, in the mutant. The addition of 5 mM putrescine to the mutant caused arginine initially to increase for unknown reasons (Table I ). The effect of added putrescine upon the mutant's pool of ornithine (and, presumably, of vacuolar lysine and histidine pools) suggests that putrescine competes with the more weakly basic amino acids for occupancy of the vacuole.
Polyphosphate and the Localization of Putrescine in puu-1
Vacuoles contained most of the excess putrescine in puu-1 cells grown in 1 mM putrescine (Table II) . When normalized to arginine [which is wholly vacuolar (18)], putrescine rose to a similar extent in crude organelles (87-fold), purified vacuoles (120-fold), and whole cells (80to loo-fold), compared to values for the culture grown in minimal medium.
Butanol-permeabilized puu-1 cells, grown in the presence of 1 mM putrescine, retained their larger putrescine pools (Table III) , as expected from previous data on the wild type (3). However, if polyamines were included in the permeabilization medium, puu-1 cells that had accumulated polyamines during growth were able to bind much more polyamine (an additional 320 meq per milligram dry weight in the case of putrescine) than the wild type or puu-1 cells grown in minimal medium (Table III) . This indicated that cells conditioned by polyamine accumulation during growth contained a larger amount of accessible, fixed anion than cells with normal polyamine pools. Microscopic inspection of puu-1 cells grown in 1 or 5 mM putrescine (particularly the latter) revealed gre.atly enlarged vacuoles, similar to those of cells with excess arginine (16). The polyamine-binding capacity and the engorged vacuoles suggested that there might be more vacuolar polyphosphate in putrescine-accumulating cells. and with 1 mM putrescine revealed a small increase (about 40 meq phosphate) of total (vacuolar) polyphosphate, insufficient to neutralize the additional 270 meq putrescine (Table II) . The observation conforms to the observed partial displacement of monovalent cations from the vacuole, and their replacement by polyamine. However, the displacement of resident cations is not enough to accommodate added putrescine, nor is the small increase of polyphosphate consistent with the much higher polyamine-binding capacity of permeabilized cells (Table III) . We conclude that the polyphosphate of normal cells (such as the wild type and puu-1 grown in minimal medium) was not nearly as accessible in permeabilized cells as the polyphosphate of polyamine-accumulating cells. The Discussion explores this matter further.
Internal Accumulation of Putrescine by the spe-3 Mutant
We compared Puu+ and Puu-strains that carried the spe-3 mutation, LV105. The spe-3 mutant has a substantial block in spermidine synthesis, but will grow normally for some time in minimal medium. In minimal medium, both spe-3 and spe-3 puu-1 accumulated internally synthesized putrescine equally (Table IV) . Therefore thepuu-1 mutant resembled the wild type in its ability to accumulate putrescine produced within the cell. In particular, the results show that the Puu+ strain had the capacity to accumulate a high level of putrescine. The expected dif-ference between strains appeared, however, after putrestine was added to spe-3 and spe-3 puu-1 cultures (Table  IV) . The data show that the defect in puu-1 lies in excessive transport through the cell membrane, not in its capacity to store excess polyamines. Further, it appeared that the rate of putrescine synthesis, though substantial, limited the amount of putrescine accumulated by the two strains in minimal medium.
The putrescine/arginine ratio of organelles of the spe-3 and spe-3 puu-1 strains grown in minimal medium was half that of whole cells (Table IV) . This suggested that half of the higher putrescine pool in these strains lay in the organellar fraction, i.e., vacuoles. It is likely that in view of the severe spermidine deficiency caused by spe-3, the large amount of nonvacuolar putrescine inferred was bound to cytosolic sites normally occupied by spermidine. By contrast, the even greater excess of putrescine in the putrescine-supplemented culture of speSpuu-1 appeared to lie in the vacuoles.
Of the putrescine made by cells grown to 1 mg, dry weight, per milliliter, similar proportions-8 and 6% for spe-3 and spe-3 puu-1, respectively-had leaked into the medium. The difference between strains was not significant, owing to variation in polyamine determinations in cells and medium.
DISCUSSION
The puu-1 mutant has an abnormal ability to concentrate putrescine and spermidine from the growth medium, while the spe-3 mutant accumulates putrescine internally as the result of a genetic block. We demonstrated that the discretionary capacity of N. crassa for polyamines lay in vacuoles, and that this was a normal feature of Puu+ cells. This interpretation confirmed our conclusion (1) that thepuu-1 mutant differs from the wild type in transport of putrescine and spermidine through the plasma membrane, not in its potential capacity for, or localization of, polyamines within the cell. Indeed, the mutation was isolated because it imparted an unusual ability to a Spestrain to use putrescine for growth; putrescine is used in the cytosol via the spermidine synthase reaction. Finally, if vacuolar uptake of putrescine were abnormally high in the puu-1 mutant, the polyamine pools of cells grown in minimal medium should have been elevated. The primary defect of the puu-1 mutation is discussed further in the accompanying paper (1). Vacuoles took up excess putrescine, even in Puu+ cells. Where putrescine was accumulated to growth-inhibiting levels by the puu-1 mutant, the ornithine pool became lower as cellular putrescine rose, while the major cytosolic solute, K+, was less affected. This indicates that vacuoles can sequester excess polyamines and minimize derangement of cytosolic ion balance up to a point. This capacity is limited, and beyond it, polyamines flood the cytosol, displacing K+. The inhibition of growth of the puu-1 mutant by putrescine demonstrated the toxicity of a high concentration of cytosolic putrescine. None of these effects were seen in the wild type, which did not concentrate polyamines very much from the growth medium. We do not know the basis of putrescine toxicity in Neurospora. Toxicity has been correlated with aldehyde formation in polyamine oxidase reactions in other organisms, but Neurospora does not catabolize polyamines to any great extent (2) . Putrescine toxicity in the cyanobacterium, Anabena, however, has been correlated with conjugation of putrescine to ribosomes, leaving them incompetent to synthesize protein in vitro (19).
The modest increase in polyphosphate contributed only slightly to neutralizing excess putrescine in the vacuole. Displacement of basic amino acids, the major cationic occupant of the vacuole (16), was more significant in retaining electroneutrality within the organelle. A change of state of the polyphosphates in permeabilized cells that had accumulated putrescine may be inferred from our data. In normal cells, a substantial part of the polyphosphate forms a condensed granule in the vacuoles. The composition and state of the granule is not known. Its cationic counterions may include spermidine, Ca'+, Mg2+, and possible other nonpolyamine multivalent cations (16), and these might be retained by permeabilized cells. With the hydration of vacuoles full of excess polyamine, this granular form may have changed to a more open, soluble state with the displacement of more of the original counterion. In fact, in vitro, spermidine is known to cause granule formation when added to polyphosphate; putrestine does not do so (20). Conceivably, putrescine may neutralize more equivalents of polyphosphate that are accessible to the normal counterions in the condensed granule. This may account for the ability of permeabilized, putrescine-accumulating cells to bind more polyamine despite the fact that there was not much more polyphosphate. This is not a wholly satisfactory hypothesis, and only more study will resolve the matter.
Finally, the swollen vacuoles demonstrated an increased osmotic content of the organelle (16). This in turn suggested that putrescine entry (in meq) greatly exceeded basic amino acid efflux and the available polyphosphate, in which case small anions must also have been drawn into the vacuole as counterions.
We reported previously that increased basic amino acids in wild type cells did not lead to increased polyphosphate levels (7). Our more sophisticated method of estimating polyphosphate also revealed an increase in polyphosphate (about 80 nmol P per milligram dry weight) in mycelia grown in arginine as a nitrogen source (R. H. Davis and ciples governing putrescine/polyphosphate ratios (seen in puu-1) also govern arginine/polyphosphate ratios in REFERENCES wild type.
The puu-1 mutant accumulates vast amounts of pu-
